Forty-nine 5-week-old chickens were inoculated by the intravenous (IV), intratracheal (IT), or intranasal (IN) routes with either a chicken-origin or one of two duck-origin type A influenza virus isolates. Twelve control chickens were inoculated with sterile chorioallantoic fluid. For all viruses, IV inoculation produced predominate lesions of renal tubule necrosis (nephrosis) and nephritis, and influenza virus nucleoprotein was localized in nuclei and cytoplasm of necrotic renal tubule epithelium. Chickens inoculated by the IT route, and to a lesser extent the IN route, had mild to severe tracheitis, bronchitis, and ventromedial pneumonia associated with secondary bronchi but lacked renal tubule necrosis and nephritis. These data indicate low-virulence avian-origin influenza viruses were nephrotropic during simulated systemic infection (IV inoculation) and pneumotropic during simulated local infection (IT and IN inoculation). Gross and histologic kidney lesions produced by IV inoculation of the chicken-origin influenza virus were similar to changes reported in outbreaks of low-virulence influenza virus in laying chickens.
During natural outbreaks of low-virulence influenza in chickens, the signalment, clinical signs, and lesions have suggested that the respiratory and urogenital systems were the major organ systems involved in pathogenesis.4,21,23,28,31,32 During the acute stage of outbreaks, lesions were identified primarily in the respiratory (layers and broilers) and reproductive (layers) systems. These lesions included tracheitis, pneumonia, pulmonary congestion, airsacculitis, congestion of the ovary, and atretic, ruptured, or hemorrhagic ovarian follicles. By contrast, gross or histologic lesions were identified within the urinary system of laying hens and only during the latter stages of disease outb r e a k~.~,~~,~~,~~,~~ Urinary system lesions reported include visceral urate deposition (visceral gout), nephritis, renal tubule necrosis, "nephropathy," and swollen kidneys. In intravenous pathogenicity tests, these chicken-origin influenza viruses were avirulent or of low virulence for specific-pathogen-free (SPF) 2-weekold to adult chicken^.^.' 1,28,31.32.36 However, histopathologic changes were not reported in dead, ill, or surviving chickens from any of the pathogenicity studies.
The source(s) of influenza virus in chicken outbreaks is unknown, but in some outbreaks, epidemiologic evidence has incriminated migratory waterfowl, particularly ducks, as the source.4.21,24,37 Such waterfowl are asymptomatic reservoirs for a variety of different subtypes of low-virulence type A influenza viruses.2J8 Intravenous inoculation of low-virulence duck-origin in-fluenza virus isolates into 5-week-old SPF chickens produced prominent gross and histologic lesions in kidney^^.^^,^^,^^,^^ and occasional lesions in the From many of the infected chickens, influenza virus was isolated from the kidney, and influenza A virus nucleoprotein was demonstrated within tubular epithelium located in areas of interstitial n e p h r i t i~.~~,~~.~~.
The purpose of this experiment was 1) to determine if experimental intravenous infection with influenza virus A/chicken/Alabama/7 39 5/7 5 (H4N8) would produce lesions similar to those reported in the original field case in laying chickens, 2) to compare, in an SPF chicken model, the pathologic aspects of chickenand duck-origin low-virulence influenza viruses, and 3) to determine the effect of route of virus inoculation on the pathogenesis of low-virulence avian-origin influenza viruses in SPF chickens. Detailed methodology and virologic aspects of this experiment have been reported elsewhere45 and will only be mentioned for comparison with histopathologic and immunohistochemical data.
Materials and Methods

Virus
Influenza virus isolate A/chicken/Alabama/7395/75 (H4N8) (CWAL) was obtained from an outbreak in laying chickens') and was provided by Dr. Max Brugh (Southeastern Poultry Disease Research Center, US Department of Agriculture, Athens, GA). Two duck-origin influenza virus iso-Vet Pathol 31:2, 1994 lates, A/mallard/Ohio/83/86 (H4N6) (83/86) and A/mallard/ Ohio/556/87 (H5N9) (556/87), were obtained from cloaca1 swabs of asymptomatic wild ducks during an influenza surveillance program on Lake Erie.42 For influenza virus isolates 83/86 and 556/87, the second egg passage was used as the inoculum. For influenza virus CWAL, the sixth egg passage was used.
Animals and housing
Forty-nine virus-inoculated and 12 sham-inoculated (control) 5-week-old specific-pathogen-free (SPF) chickens (SPA-FAS) were used in the experiment. All virus-inoculated chickens were housed in limited-access negative pressure laboratory animal rooms. Chickens inoculated with duck-origin influenza virus isolates were caged in rigid negative-pressure plastic isolators equipped with biological filters for inlet and high efficiency particulate air (HEPA) filters for exhaust air. The CWAL-inoculated chickens were caged in Horsfall-Bauer stainless steel isolation cabinets that were ventilated under negative pressure with HEPA-filtered inlet and exhaust air. Sham-inoculated control chickens were housed in limitedaccess positive-pressure laboratory animal rooms. A laboratory chick feed (Lab Chick Chow S-G 5065, Purina Mills, St. Louis, MO) and water were provided ad libitum.
Experimental design
Twenty-five chickens were inoculated with lox mean embryo infective doses (EID,,) of CWAL in 0.1 ml of sterile allantoic fluid by the intravenous (IV) (left basilic vein, n = 17), intranasal (IN) ( n = 4), or intratracheal (IT) ( n = 4) routes. Chickens inoculated by the IV route were euthanatized by IV sodium pentobarbital (1 30 mg/kg body weight) and necropsied on days 1 ( n = 3), 3 ( n = 3), 6 ( n = 2), 10 ( n = 3), and 20 ( n = 3) post-inoculation (PI). In addition, two chickens died on day 4 PI, and one chicken died on day 5 PI. Chickens inoculated by IN and IT routes were euthanatized and necropsied on day 4 PI. Twelve chickens were maintained as sham inoculates (controls). Groups of four chickens each received 0.1 ml of sterile allantoic fluid administered by the IV, IN, or IT routes. All controls were euthanatized and necropsied on day 4 PI.
Histopathology and immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin solution for 24 to 48 hours and routinely processed and embedded in paraffin. Five-micrometer sections were stained with hematoxylin and eosin (HE).
Single transverse sections ofthe cranial, middle, and caudal divisions of the right kidney were measured to calculate the mean area ratios for lesion area/total kidney area (Bioquant System IV, R and M Biometrics, Nashville, TN). Histologic changes included in the lesion area measurements were necrosis of tubule epithelium, inflammatory cell infiltrates, tubule epithelial cell atrophy, and fibrosis.
Duplicate paraffin-embedded sections were immunohistochemically stained to demonstrate influenza nucleoprotein by a previously described avidin biotin peroxidase complex method. 44 The primary antibody was a mouse monoclonal antibody (courtesy of V. S. Hinshaw, Department of Pathobiological Sciences, University of Wisconsin, Madison, WI).15,49 This monoclonal antibody is specific for influenza A nucleoprotein because of its ability to immunoprecipitate the nucleoprotein from YS-labeled cell lysate of influenza virus A/turkey/Ontario/7732/66 (H5N9).lS In addition, in our laboratory the monoclonal antibody has consistently detected a cross-reactive epitope on the nucleoprotein as indicated by immunofluorescence in chick embryo fibroblast cultures inoculated with CWAL, 83/86, and 556/87 and the lack of immunofluorescence in uninoculated cultures (R. D. Slemons, unpublished) . Similar cross-reactivity with nucleoprotein of other influenza A viruses has been reported elsewhere. ' j
Virology
At necropsy, tracheal swabs were taken and placed in brainheart infusion broth containing penicillin and s t r e p t~m y c i n~~ and stored at -70 C until virus isolation was attempted. Left lung and caudal division of the left kidney were removed and stored at -70 C until virus isolation was performed. Influenza virus recovery and identification procedures were modified from previous methods.h Either 0.15 ml of transport medium from the tracheal swabs or 0.15 ml of supernatant of a 1 : 10 (weight to volume) dilution of lung or kidney tissue homogenate was inoculated into the allantoic cavity of 10-day-old embryonated SPF chicken eggs. After 2 days of incubation at 37 C followed by 24 hours at 4 C, the allantoic fluids from inoculated eggs were checked for hemagglutinating activity. Hemagglutinating agents recovered were identified as challenge virus using the P-hemagglutination inhibition Tracheal swabs were recorded as positive or negative for virus recovery following one egg passage. Tissue samples positive for virus recovery were titered to determine EID,,, using four commercial chicken eggs/dilution. For each day of sampling, the log of the tissue titers were averaged (K).
Results
Sham-inoculated chickens
Sham-inoculated chickens lacked gross lesions. On histologic examination, rare lymphocytic foci were found in the pulmonary air capillary walls and in the liver of intravenously (1V)-and intranasally (IN)-inoculated chickens. Influenza nucleoprotein was not detected in any tissues.
Influenza virus A/chicken/Alabama/7395/75 (H4N8) (CWAL) inoculated IV
Gross changes were identified in spleens and kidneys of 35% and 29% of the chickens, respectively. Spleens were enlarged in chickens euthanatized on days 6 (1/2) and 10 (3/3) post-inoculation (PI) and in chickens that died naturally (2/3). a d n e y lesions identified included swelling (2/17), pale coloration (4/17), parenchymal urates (4/ 17), accentuated lobular surface architecture (3/17), and roughened capsular surface with white parenchymal foci (1/17). Some chickens had multiple kidney lesions. Infrequent lesions identified included a dilated, fluid-filled crop in one dead (day 5 PI) and one euthanatized (day 6 PI) chicken and contracted, dry skin over the tarsometatarsus (dehydration) in one dead chicken (day 5 PI).
Histologically, the most frequent lesions were in the kidney and included tubule epithelial cell necrosis ( Fig.  l) , tubulointerstitial nephritis (Figs. 2, 3 ), tubule atrophy, and fibrosis ( Fig. 4 ). Nuclei of some necrotic epithelium had centrally located basophilic inclusion bodies ( Fig. 1 ). Chickens that died had severe, diffuse renal tubule necrosis ( Fig. 1 ) and moderate, multifocal heterophilic tubulointerstitial nephritis. In euthanatized chickens, moderately severe multifocal tubulointerstitial nephritis was predominate, and this nephritis was heterophilic on day 3 PI ( Fig. 2) , lymphocytic on day 6 PI (Fig. 3 ), and fibrosing with tubular atrophy on days 10 and 20 PI ( Fig. 4) . As indicated by mean lesion area/total kidney area ratios (R), kidney lesions were most severe, in decreasing order, in dead chickens ( R = 1.00) and in euthanatized chickens on days 3 ( R = 0.92), 6 (R = 0.50) and 10 (R = 0.41) PI. On day 20 PI, kidney lesions had a multifocal distribution but, because of advanced tubular atrophy and fibrosis, the kidney lesions were reduced in area (R = 0.22). No kidney lesions were identified on day 1 PI.
Influenza nucleoprotein was localized most frequently in the kidney and in necrotic kidney tubule epithelium of chickens that died or chickens euthanatized on days 3 and 6 PI (Figs. 5,6). The staining was both nuclear and cytoplasmic and was most frequent, in decreasing order, in epithelium of the proximal tubules, distal tubules, thick limb of medullary tubules, and collecting ducts. The intranuclear inclusion bodies stained for nucleoprotein ( Fig. 6) . Rare positive epithelial cells in a proximal tubule were identified in one euthanatized chicken on day 20 PI. Influenza virus was isolated from kidneys of dead chickens (X = 1 07.8 EID,,) and chickens euthanatized on days 1 (X = l 02.9 EID,,), 3 (X = 109.3 EID,,), 6 (x = lo7-, EID,,) and 10 (x = The lungs of chickens that died had increased heterophils and mononuclear leukocytic cells in blood capillaries, hypertrophy of aidblood capillary endothelium, air capillary edema, and occasional necrosis of air capillary endothelium ( Fig. 7) . On day 20 PI, mild hyperplasia of submucosa lymphoid tissue in the secondary bronchi was present. Nucleoprotein was 105.3 EID,,) PI. identified in the cytoplasm and, infrequently, in nuclei of cells located within the wall of the pulmonary air capillaries of chickens that died (Fig. 8 ). The cytoplasmic staining had two patterns of distribution; a diffuse faint staining and a focal intense staining. The focal staining was interpreted as phagocytic vacuoles. The classification of the positive cells was not always possible but many morphologically resembled monocytes or macrophages. However, some positive cells morphologically resembled hypertrophied endotheliurn.
Beginning on day 3 PI and peaking on day 10, the spleen had hyperplasia of the ellipsoid-associated phagocytic cells of the penicillium capillaries. The cloacal bursa, thymus, and cecal tonsils had mild depletion of lymphocytes in euthanatized chickens on days 3 and 6 PI and severe depletion of lymphocytes in chickens that died. There were no lesions in the heart. Miscellaneous lesions identified include small, rare perivascular cuffs of lymphocytes in the brain (1/3, day 1 PI); heterophilic periureteritis (1/2, day 6 PI); mild lymphocytic jejunitis (1/3, day 10 PI) and duodenitis (2/3, day 10 PI; 1/3, day 20 PI); multifocal pancreatic necrosis (1/2, day 6 PI); and multifocal pancreatic acinar degeneration and atrophy and lymphoid follicular hyperplasia (1/3, day 10 PI; 1/3, day 20 PI).
Sporadically, nucleoprotein was identified in the following locations: 1) dead chickenssurface epithelium and medullary dendritic cells of the cloaca1 bursa, necrotic pancreatic acinar cells ( Fig. 9 ), cardiac myocytes (intranuclear only) (Fig. lo) , and endothelial cells of capillaries in the myocardium (intranuclear only) ( Fig.  10) ; 2) chickens euthanatized on day 3 PIvillar epithelium of the duodenum, jejunum, and cecum ( Fig.  11 ) and interstitium and epithelium of the choroid plexus of the fourth ventricle (Fig. 12) ; and 3) chickens euthanatized on day 6 PI-necrotic pancreatic acini (day 6 PI).
Effect of route of inoculation on acute stage of infection and pathogenesis (euthanatized days 3 to 6 PI)
IV-, intratracheally (IT)-, and IN-sham-inoculated chickens lacked histopathologic changes in the kidneys, lungs, and trachea. Influenza virus nucleoprotein was not demonstrated.
For all influenza viruses, kidneys of IV-inoculated chickens had multifocal tubulointerstitial nephritis with tubule epithelial cell necrosis. However, the mean lesion areakotal kidney area ratios were greater for chickens inoculated with CWAL (R = 0.75) than 83/ 86 (R = 0.44) and 556/87 (R = 0.39). Nucleoprotein was commonly demonstrated in necrotic renal tubule epithelium of influenza virus-inoculated chickens. Influenza virus was most frequently recovered from kidneys of chickens IV inoculated with CWAL (4/5) or wm. Fig. 3 .
Fig. 4.
A/mallard/Ohio/83/86 (4/4) than with A/mallard/ For IV-inoculated chickens, lung lesions were mild Ohio/556/87 (1/4). No lesions were identified, no inand infrequent. These lesions included mild diffuse fluenza virus nucleoprotein was demonstrated, and no increase in mononuclear cells within blood capillaries, influenza virus was recovered from kidneys of IT-or rare foci of lymphocytes in the interlobular interstitium IN-inoculated chickens. and mild edema within the air capillaries. Influenza For IT-inoculated chickens, influenza virus isolates CWAL and 556/87 produced focally extensive ventromedial lymphocytic pneumonia in association with secondary bronchi (Fig. 13) . These secondary bronchi had early hyperplasia of submucosal lymphocytic fol- licles and some exocytosis of heterophils. Influenza virus nucleoprotein was identified within respiratory epithelium of secondary bronchi, atrial-lining epithelium, and macrophages in areas of pneumonia. Influenza virus was recovered from lungs of chickens ITinoculated with 556/87 (2/4) and CWAL (3/4) but not with 83/86 (0/4). For IN virus inoculation, lung lesions were infrequent and mild. Nucleoprotein was not demonstrated in any lungs. Influenza virus was isolated from the lung of one 556/86-inoculated chicken.
On IV-inoculation, tracheas lacked lesions and nucleoprotein, but influenza virus was recovered from tracheas of chickens inoculated with 83/86 (2/4), and Ck/AL (2/5). On IT inoculation, mild to severe lymphoplasmacytic tracheitis with multifocal deciliation was consistently present in chickens from all virus groups (Fig. 14) . However influenza virus was more frequently isolated from CWAL-inoculated (4/4) than 83/86-inoculated (1/4) or 556/87-inoculated (1/4) chickens. Faint staining for influenza nucleoprotein was identified in rare tracheal epithelium of chickens inoculated IT with all three influenza viruses. In INinoculated chickens, a mild lymphocytic tracheitis was inconsistently present. Influenza virus was isolated from tracheas of CWAL-inoculated (4/4) and 83/86-inoculated (1 /4) chickens.
Discussion
Intravenous inoculation of low-virulence influenza
virus A/chicken/Alabama/7 3 9 5/7 5 (Ck/AL) into 5-week-old specific-pathogen-free (SPF) chickens produced gross and histologic kidney lesions that were similar to changes reported in field cases of low-virulence influenza viruses in laying Following IV inoculation, recovery of influenza virus in high titer from the kidney45 and demonstration of intranuclear and intracytoplasmic influenza nucleoprotein in kidney tubule epithelium verifies the kidney as a primary site of influenza virus replication and confirms the nephropathogenicity of influenza virus CWAL. Furthermore, the presence of diffuse, severe renal tubule necrosis in chickens that died suggests acute renal failure, with associated blood electrolyte and nitrogenous waste abnormalities as the cause of death.
Nephrotropism and nephropathogenicity has been demonstrated previously for low-virulence waterfowlorigin influenza viruses in IV-inoculated 5to 12-weekold chickens.8.'2,14,1641.43~6 In the present IV inoculation study, influenza virus CWAL produced higher mean lesion area/total kidney area ratios than did duck-origin influenza viruses in 5-week-old chickens. In a previous study using 5to 6-week-old chickens inoculated with one of 14 duck-origin or one of two turkey-origin influenza viruses and euthanatized or died on days 1 to 10 post-inoculation (PI), mean lesion area/total kidney area ratios were less than these ratios for CWAL (D. E. Swayne, unpublished) . However, two of these duck-origin influenza viruses, A/mallard/Ohio/296/88 (H3N6) and A/mallard/Ohio/556/87 (H5N9), produced ratios of 0.39 and 0.36, respectively. These findings suggested CWAL, although having low virulence, was more nephropathogenic for chickens than were duck-origin influenza viruses tested to date.
The absence of visceral urate deposition (VUD) in our study with 5-week-old SPF chickens and the presence of VUD in dead commercial strains of laying hens from field case^*^.'^ and from some experimental studies11.41 indicate factors other than virus strain may affect the severity and character of influenza-induced kidney lesions. For other nephropathogenic viruses, such as nephropathogenic infectious bronchitis virus (IBV), the incidence of histologic kidney lesions and/ or urolithiasis increased with 3.25% dietary calcium,19 high dietary calcium/phosphorus ratio,s0 IBV exposure plus 3.5% dietary calcium level,2o or c o l d -s t r e~s .~~ In addition, the nephropathogenicity of IBV depended on the reproductive statusI9 and ageI3,I9 of the inoculated chicken and the IBV strain For low-virulence influenza viruses, dietary calcium levels" and the age, sex, breed and reproductive status of the chicken may have a modifying effect on the severity of kidney lesions and the mortality rate."
In contrast to systemic infection following IV inoculation, IT and IN inoculation of CWAL or duckorigin influenza viruses resulted in influenza virus replication and lesions in only the local area of exposure, i.e., the respiratory tract. The absence of mortality, the lack of kidney lesions, and the failure to isolate influenza virus from kidney following IN and IT inoculation suggested that under defined experimental conditions an innate barrier exists in the respiratory and immune systems that prevents low-virulence avian-origin influenza viruses from entering the blood stream and producing viremia and systemic lesions. However, in chickens this innate barrier has been abated in some experimental studies by specific test conditions or laboratory manipulations. In chickens, IN and IT inoculation with uncloned low-virulence chicken-or duck-origin influenza virus isolates has produced mortality and kidney lesions in 1 -day-old chicks (D. E. Swayne, unpublished) and adult laying hens." On conjunctival inoculation, some chicken-origin influenza viruses that were clonally purified from lowvirulence isolates have produced low to high mortality and VUD.9.10 By contrast, high mortality and systemic lesions were common in 2-week-old to adult chickens inoculated via IV, IT, caudal airsac, or conjunctival routes with high-virulence avian-origin influenza vimses.3~s~22~47~48 Some of these high-virulence influenza viruses pro- duced tubular epithelial necrosis in the kidney, and viral antigen was localized in the nuclei and cytoplasm of the necrotic renal tubule e p i t h e l i~m .~~,~~ However, the predominant and severe endothelial cell tropism or lymphocytic cellular tropism of high-pathogenic avian influenza viruses in chickens obscured the nephrotropic and/or nephropathogenic proper tie^.^^,^^ In addition, some avian-origin high-virulence influenza viruses have no or minimal nephrotropism and nephropathogenic properties.
Chickens inoculated with a high-virulence avian-origin influenza virus had detectible influenza viral antigen in blood vessel and capillary endothelium of the meninges, choroid plexus, and brain and in neurons of the brain and granular cells of the c e r e b e l l~m .~~ Such localization within the neuropil suggests neurotropism. Neurotropic properties of high-virulence avian-origin influenza viruses have been reported.*'j By comparison, in the present study, influenza virus nucleoprotein was detected in only the choroid plexus of brains from chickens inoculated IV with influenza virus CWAL. Such localization is most consistent with systemic viremia and does not indicate neurotropic properties for CWAL. Caution should be exercised when equating influenza virus isolation from brain tissue with neurotropism. Immunohistologic localization of influenza virus would be necessary to confirm neurotropic properties.
In chickens, renal tubule necrosis and tubulointerstitial nephritis have been most frequently associated with exposure to and has been reproduced experimentally with IBV, picomavirus, and various dietary my-C
O~~X~~S .~J~~~~~~~~~~~~~~~~
In a recent report of nephropathy and VUD in laying hens, IBV was initially suspected as the e t i~l o g y .~ However, a low-virulence influenza virus and not IBV was isolated from kidneys on the first egg passage. These data suggested that lowvirulence influenza virus was the underlying cause of disease and associated kidney lesion^.^ Low-virulence influenza virus should be included in the differential diagnosis for laying chickens with renal tubule necrosis, nephritis, or VUD. 
